The energy harvesting phenomena is based on the concept of gaining energy from a surrounding vibrations. The main goal is to power small sensors or actuators [1,2,3]. In many applications the piezoelectric or the magnetostrictive materials are integrated in simply dynamical systems (like beams) and are used successfully [4,5]. These simple harvesters work optimally in a resonant frequency region that is not easy to tune in real conditions. Because of their complexity, nonlinear dynamic systems have the ability to overcome these drawbacks by widening the resonant frequency spectrum (so called broadband effect) [6,7]. In this work we examined this effect and nonlinear effects in hybrid multi degrees of freedom system based on two layer beam (magnetostrictiveGalfenol and aluminum).
Introduction
The energy harvesting phenomena is based on the concept of gaining energy from a surrounding vibrations. The main goal is to power small sensors or actuators [1, 2, 3] . In many applications the piezoelectric or the magnetostrictive materials are integrated in simply dynamical systems (like beams) and are used successfully [4, 5] . These simple harvesters work optimally in a resonant frequency region that is not easy to tune in real conditions. Because of their complexity, nonlinear dynamic systems have the ability to overcome these drawbacks by widening the resonant frequency spectrum (so called broadband effect) [6, 7] . In this work we examined this effect and nonlinear effects in hybrid multi degrees of freedom system based on two layer beam (magnetostrictiveGalfenol and aluminum).
Experimental stand
The basic element of the hybrid system studied consists of two glued beams: longer -aluminum and shortermagnetostrictive. Tip-mass in the form of a tube is attached to the end of the aluminum beam. The tube is closed with caps each sticked with 10 mm long elastic bumpers. The piezoelectric patch and the coil located near the clamped end of the hybrid cantilever help to compare the measured voltage efficiency of both subsystems and investigate influence of nonlinear effects involved by moving additional masses. These bouncing balls inside the tube can increase the number of degrees of freedom and reinforce the nonlinear effects occurring in the beam itself. The design of the hybrid system is shown on the right in Fig. 1 . The crosssection of the tip-mass tube is shown on the left of this figure. In order to avoid the impact of the shaker magnetic field on the test results, the hybrid system was raised by mounting on a longitudinal aluminum cantilever. All important information about the configuration of the system, its parameters and the characteristics of the components are listed in Table 1 .
The scheme of the experimental stand is presented in Fig. 2 . The laser system measures the velocity of the beam end relative to the shaker's handle. The shaker is controlled by the independent system (LSM) managed by software operating on separate computer system. The laser signal and both voltages generated by transducers are recorded in parallel by the DAQ measurement card installed in the main computer unit.
Results
In the first stage of our work we focused on influence of the forcing amplitude and additional nonlinearities on the system response. We investigated the collection of different configurations of free-moving masses in the tip-mass pipe, ie: without mass, with mass M1, with mass M2, and finally with both masses M1 + M2. The comparison of the voltage system response on frequency sweep from 30 Hz to 60 Hz and two amplitudes of the base excitation (a=0.8 g and a=1.5 g) is presented in Fig. 3 . With the increase in acceleration of the system a significant increase in voltage U2 occurs for all configurations. For a system undisturbed by a moving mass (Fig. 3 -blue) the voltage increase is most pronounced. In parallel, its frequency response becomes clearly nonlinear, showing the system hardening. Perturbations provided by balls moving freely in the tube does not improve the energy efficiency of themagnetostrictive subsystem, nor extend significantly the band of efficient energy harvesting. As can be observed, they result in decreasing the peaks of the voltages amplitude. However, it is worth to notice that both masses acting simultaneously (purple) at a higher level of excitation (right) increase the noise level throughout the whole investigated range. In addition, two broad peaks at lower frequencies (36 Hz and 43 Hz) appear on the frequency response. It is worth to note, that configuration without additional moving mass is most efficient. In Fig 4. one can observe almost two times increase of the voltage with increase of the base excitation. Furthermore, the nonlinear effects seen in the additional peak before the main resonance occur for higher amplitude of external forcing. The additive beats in piezoelectric subsystem (both cases) do not appear in the magnetostrictive subsystem. The source of their occurrence may be nonlinearity in both the mechanical and piezoelectric subsystems. We also observed nonlinear effects in both subsystems by identifying hysteresis loops for U1 and U2 signals (Fig.  5 ). Occurrence and shape of those hysteresis loops (Fig 5. b, c, e, f) clearly identify nonlinear response of both transducers. In part, the hysteresis effects are introduced by the mechanical imbalance of the potential caused by the force of gravity. However, to investigate influence of material structure on hysteresis further detailed analysis are required.
The hysteresis of both piezoelectric (Fig. 5 b, d ) and magnetostrictive subsystems (Fig. 5 c, f) differ in shape. However, increase of the external forcing doesn't not change them qualitatively. This means that when changing the level of excitation, the physical processes responsible for the energy generation in both transducers remain unchanged.
These results are particularly important for U2 coil voltage. In the absence of the magnetic field, the magnetostrictive beam tension causes random reorientation of magnetic moments in directions perpendicular to the stress axis. This should result in a zero average magnetization of the sample. The non-zero voltage U2 indicates the existence inside the magnetostrictive beam some mechanism for organizing magnetic moments even in the absence of an external magnetic field. By proper integrating of the U2 voltage one can calculate change of the magnetization with respect to time. This may be an interesting source of information about the dynamics of magnetic domains in magnetostrictive material, complementary to dynamic characteristics performed in the presence of an external magnetic field.
Conclusions
In this work we have investigated nonlinear effects and compared the efficiency of the electrical energy harvesting system from mechanical vibration by two different phenomena: piezoelectricity and magnetostriction. Comparing the results of U2 measurements in different configurations and excitations (Fig. 3) , it can be inferred that under certain conditions and configuration the disturbances introduced by the moving elements of the tip-mass cansignificantly increase the broadband efficiency of the magnetostrictive subsystem. This is influenced by two cooperating effects: noise growth and extra peaks appearing in different points of the frequency characteristics. It can be assumed that this effect will be exacerbated by increasing amplitude of the external forcing. It has also been shown that the dynamics of the piezoelectric subsystem reflects the dynamics of the mechanical system unlike the magnetostrictive subsystem. In this subsystem there are additional internal magnetic nonlinear effects that influence its dynamics. It is worth to note, that we did not use external magnetic field to reorient the magnetic domains in the magnetostrictive beam.
